This study sought to assess agreement between an intravascular near-infrared spectroscopy (NIRS) system and histology in coronary autopsy specimens.
xtensive evidence suggests that coronary artery plaques with a lipid core are the cause of most acute coronary events (1, 2) . Unfortunately, current diagnostic techniques, including invasive coronary angiography, cannot identify these presumably high-risk structures. Although near-infrared spectroscopy (NIRS) is widely used in many disciplines to identify the chemical composition of unknown substances, including lipids, it has not been possible to use this powerful analytic technique to examine the composition of coronary plaques in living patients.
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Over the past decade, studies conducted by multiple groups have documented that NIRS can accurately identify lipid-rich atherosclerotic plaques in autopsy specimens under laboratory conditions (3) . None of these ex vivo studies has addressed the full range of difficulties that would be encountered in examination of coronary plaques in patients. To perform spectroscopic assessment of coronary plaques, the NIRS device would need to access the artery, use wavelengths that can penetrate blood, scan the length and circumference of the artery, and obtain measurements at sufficient speed to overcome interference due to cardiac motion. A catheter-based spectroscopy system that fulfills these 4 criteria has been developed and used successfully to obtain NIRS measurements in 99 patients (4) .
The purpose of the present study was to test the ability of this NIRS system to detect lipid core plaques in human coronary artery autopsy specimens in which the gold standard of histology is available. The system consists of a near-infrared laser, an optical catheter similar in size and use to an intravascular ultrasound catheter, a pullback and rotation device, and an analytic algorithm to calculate the probability that a lipid core plaque is present at each location examined. The algorithm was developed with the use of a calibration set of 86 human coronary artery segments from 33 hearts and then tested in a prospective study of 126 coronary segments from 51 hearts. The NIRS measurements were obtained under pressure, temperature, and blood flow conditions simulating those encountered in patients undergoing catheterization.
M E T H O D S
The NIRS calibration and validation measurements were obtained over 2 years in specimens from 84 human hearts. The last 51 hearts were used in the validation study with a finalized NIRS algorithm and prospectively defined end points. The analysis was double-blinded: those constructing the algorithm in the calibration phase did not have access to histologic data from the validation phase, and those performing the NIRS and histologic analyses during the validation phase did not have access to the algorithm. Specimens. Hearts were acquired from the National Disease Research Interchange or the International Institute for the Advancement of Medicine per a protocol approved by an institutional review board. Hearts were received within 48 h after death, maintained on ice at 4°C and measured within 96 h after death. The major coronary arteries were examined in situ using angioscopy to exclude severely stenotic or occluded segments impassable (Ͻ1 mm diameter) by the NIRS catheter.
Following angioscopic screening, arterial segments with epivascular tissue were harvested for measurement. Side branches were ligated to prevent loss of blood during perfusion. Each arterial segment was then mounted in a custom fixture (Fig. 1A) and both ends of the segment were attached to luer connectors that allowed fluid flow and catheter entry. NIRS. The 3.2-F InfraReDx (Burlington, Massachusetts) NIRS catheter ( Fig. 1D ) was advanced along a 0.014-inch guidewire through the segment mounted in the fixture. The segment was perfused with human blood at body temperature. A varistaltic pump (Manostat, Barnant Corp., Barrington, Illinios) supplied pulsatile blood flow at 60 cycles/min, providing a flow rate of approximately 130 ml/min. Outflow pressure was maintained at 80 to 120 mm Hg. Spectral data were collected inside the segment during automated NIRS catheter pullback at 0.5 mm/s and 240 rpm. Histopathology. After the NIRS measurements were obtained, the segments were pressure-fixed in formalin and decalcified with EDTA. Each segment was then cut perpendicular to the longitudinal axis of the vessel at 2-mm intervals of the fixture's guideposts (Fig. 1B) . Two 5-m histopathology slides were prepared at the CVPath Institute from the distal side of each 2-mm block and stained with hematoxylin-eosin and Russell-Movat's pentachrome, respectively. Histologic features of the arteries were classified by a CVPath pathologist (A.P.B.) according to a modified American Heart Association classification scheme (5). Each histopathology slide was digitized using a standard microscope at 1.25ϫ magnification. Using custom software, contours were drawn on each image to identify fiducial markers retained by the tissue-preparation inking scheme, the lumen boundary, lipid pools at sites of pathological intimal thickening, and noncalcified and calcified lipid cores in fibroatheroma (Fig. 1C) .
A B B R E V I A T I O N S
To provide a quantitative target suitable for algorithm construction and validation, a lipid core plaque of interest (LCP) was defined as fibroatheroma with lipid core Ͼ60°in circumferential extent, Ͼ200 m thick, with a fibrous cap having a mean thickness Ͻ450 m. Using this definition, each block that was of adequate quality for histologic classification and histomorphometry was classified as either positive or negative for presence of LCP. Also, the normalized lipid core volume was defined as the total lipid core volume identified by histomorphometry in a segment divided by the segment length and was used to assess accuracy of NIRS at the segment level. Correlation between NIRS and histopathology. Both algorithm calibration and validation require longitudinal coregistration of NIRS data with the histology truth standard. To accomplish this, the pullback location of the distal metal luer's inner edge was identified in a NIRS pullback, labeled as the 0-mm pullback position, and associated with the distal-most histology thin section.
The outputs of the NIRS algorithm for each pullback, which will be described in Figure 3 , are a chemogram image, a block chemogram, and a lipid core burden index (LCBI). The ability of NIRS to detect localized LCP in 2-mm blocks was evaluated using receiver-operator characteristic (ROC) analysis of the NIRS block chemogram intensity values versus the LCP truth values from histology for all 2-mm blocks with lumen diameters Յ3 mm. The ability of NIRS to detect the presence of any-sized fibroatheroma in an artery segment was evaluated using ROC analysis of the LCBI values versus histology truth (presence or absence of fibroatheroma). Statistics. The study was powered to test the null hypothesis that the area under the curve (AUC) for detecting LCP in lumens Յ3 mm in diameter would be Յ0.72. The required sample size was estimated for 80% power and 95% confidence interval (CI) (2-sided) using the power calculations appropriate for AUC testing (6) using PASS statistical software (NCSS, Kaysville, Utah).
Statistical analyses were performed using MAT-LAB (The MathWorks, Inc., Natick, Massachusetts). Confidence intervals were 2-sided 95% levels and were calculated using a bootstrap method that accounts for the possibility of any within-segment and within-heart correlations (7). All donor and LCP characteristics were not normally distributed and therefore are reported as median with interquartile range for non-normal data.
R E S U L T S
Donor and tissue characteristics. Table 1 shows the characteristics for the 51 validation hearts. The perfusate blood lipid chemistry covered a wide range of profiles and was not correlated with hematocrit (data not shown). Histopathologic examination of each 2-mm segment identified 115 LCP (4.3%) in 30 of 51 donors (59%), the characteristics of which are presented in Table 2 . Yield of adequate data. A total of 2,496 blocks from 126 segments and 51 hearts were histologically and spectrally adequate for the validation phase (Fig. 2) . In addition to block adequacy, analysis of the LCBI required assessment of each segment's data adequacy. Five segments were excluded because Ͼ25% of the chemogram pixels were spectrally inadequate, and 1 was excluded because 8 of its 26 blocks were not processed or were histologically inadequate. Validation. Outputs of the NIRS algorithm (chemogram and block chemogram) for a segment containing LCP and for a normal segment are shown in Figures 3 and 4 . The primary analysis was conducted by comparing the block chemogram readings with histologic classifications using all 1,909 adequate 2-mm blocks with lumen diameters Յ 3 mm. The ROC analysis resulted in an AUC of 0.80 (95% CI: 0.76 to 0.85) (Fig. 5) . Exploratory analyses that assess the accuracy of extreme cases for which there are fewer sources of false-positives and false-negatives are also presented in Figure 5 . The AUCs in these exploratory analyses were 0.89 (95% CI: 0.85 to 0.94) and 0.87 (95% CI: 0.77 to 0.97). Sources of false-positive and false-negative readings are shown in Figure 6 .
The LCBI values for 120 segments from 51 hearts were exponentially distributed (range: 0 to 322) and are plotted against categorized normalized lipid core volume in Figure 7 . The ROC curve for NIRS detecting an artery with lipid core is shown in Figure 8 and resulted in an AUC of 0.86 (95% CI: 0.81 to 0.91). Also shown in the figure is an ROC curve for an exploratory analysis for detecting clinically high lipid core burden using the LCBI, which resulted in an AUC of 0.96 (95% CI: 0.92 to 1.00). 
Figure 2. Flow Chart of Inclusion Criteria
Flow diagram describing the selection of data that met prospectively specified histologic and spectral criteria for inclusion in the blinded validation. NIRS ϭ near-infrared spectroscopy. Figure 1 . 
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Using a threshold separating the 2 middle colors in the block chemograms of Figures 3 and 4 , the sensitivity, specificity, positive predictive value, and negative predictive value were 49%, 90%, 19%, and 97%, respectively, in detecting localized LCP. The low positive predictive value was expected due to its strong dependence on disease prevalence, which was 4% in this study. The prevalence of LCP in ruptured plaques is approximately 70% (1), which would result in positive and negative predictive values of 92% and 43%, respectively, if the same sensitivity and specificity were achieved in the subset of artery wall-containing ruptured plaques.
The present study is similar to ex vivo validation studies of other intracoronary imaging devices (11) (12) (13) (14) in that we measured fresh coronary artery tissue at body temperature from multiple donors and compared it with the histology. Our study differs in that we perfused the arteries with blood rather than saline. Our study also had a lower prevalence of lipid core plaque (4% vs. 17% to 48%) because we did not limit analysis to a subset of tissue that was diseased. The analysis of all tissue types through flowing blood yields accuracy calculations that are clinically relevant. The clinical importance of this autopsy validation is enhanced by the successful use of this catheter in 99 patients with demographic characteristics similar to those of this autopsy study and the recent clearance of the device by the Food and Drug Administration for commercial sales in the U.S. The cost of the catheter will be equivalent to the cost of a drug-eluting stent, and the cost of the console will be equivalent to that of an intravascular ultrasound (IVUS) console. Exploratory analyses. Exploratory analyses revealed that a major cause of false positives was the occurrence of a NIRS-positive signal over a lipid core that was too small or covered by a cap too thick to meet criteria for a LCP. Lesions with significant lipid but without lipid cores (intimal xanthoma and pathologic intimal thickening) also sometimes resulted in false-positive readings. Such false positives are less a failure of spectroscopy (i.e., lipid was present and generated a NIRS signal) than a sign of the difficulty produced by categorizing various sizes of lipid core plaques and types of lipid accumulation into a binary histology-based classification scheme.
False-negative readings were most frequently produced by lipid cores with extensive calcification, a finding consistent with the presence of fewer lipids in such cores due to displacement of lipid by calcium. The ability of near-infrared light to penetrate through calcium makes it unlikely that near-infrared signals will be affected by "shadowing" artifacts as markedly as are ultrasound examinations.
To test the ability of the NIRS system to discriminate clearly differentiated histologic reference classes, an analysis was performed comparing extremes (LCP with noncalcified lipid cores versus regions without lipid). The AUC of 0.89 (95% CI: 0.85 to 0.94) supports the excellent ability of NIRS to discriminate tissue types based on chemical composition; it is not a measure of the performance obtainable in vivo because the cardiologist cannot eliminate the intermediate histologic areas from a scanned artery using only NIRS and angiography.
The primary end point compares block chemogram intensity readings with the histologic standard in isolated 2-mm blocks and does not use information from adjacent blocks to enhance accuracy. The accuracy of an interpretation comparing positivity by NIRS in 3 or more adjacent blocks versus blocks with no LCP was 0.87 (95% CI: 0.77 to 0.97). This analysis indicates that the appearance of a long and broad yellow signal in the chemogram is an excellent indicator of the presence of a LCP.
Because lipid core plaque intensities generally increase with the size and concentration of focal cholesterol deposits and with the extent of intimal connective tissue degradation, this NIRS device can be characterized as a lipid core plaque detector that is most sensitive to cholesterol-rich regions containing tissue necrosis. Besides a large lipid core, inflammation is another important characteristic of plaque vulnerable to rupture (15, 16) . Although the algorithm was not designed to identify the chemical signature of inflammation, there is a close correlation between lipid cores and inflammation (17) . This correlation has resulted in successful identification of inflammation indirectly by NIRS (18) . NIRS also provides an indirect index of cap thickness because the lipid core signal is attenuated exponentially by the thickness of the cap. However, in the clinical setting, this relationship between signal strength and cap thickness is confounded by variations in both core size and intervening blood layer thickness. Investigational devices that employ optical coherence tomography (11) or optical frequency domain imaging (19) provide the most accurate method to measure cap thickness in the absence of intervening blood.
Study limitations. The current study did not use living tissue. However, because the specimens were maintained on ice and studied soon after death, the target of the imaging (i.e., bulk lipid-rich chemical signatures that are not dependent on living cells) is not likely to differ significantly from the target in living tissue. Coronary motion was not simulated. However, the high speed of data acquisition (5 ms/spectrum, 40 spectra/s) guarantees that high-quality spectra can be obtained despite cardiac movement.
Finally, the tortuous anatomy of the coronary vasculature was avoided to enhance coregistration of the entire scanned coronary segment with histology. Separate bench testing of the catheter's performance in a tortuous path has verified that the catheter is safe and tracks well in a simulated coronary anatomy.
All 3 of these limitations are due to differences between this ex vivo validation and the clinical application of the device. Ex vivo validation versus histopathology is recommended by the Food and Drug Administration for diagnostic coronary catheters that measure plaque characteristics (20) . To experimentally address the limitations of ex vivo validation, the SPECTACL (SPECTroscopic Assessment of Coronary Lipid) clinical study was designed with a primary end point of spectral similarity between in vivo and ex vivo pullbacks, and the end point was achieved (21) . Potential clinical utility of the NIRS system. This successful autopsy validation, together with the clinical results (21) and Food and Drug Administration's 510(k) clearance, indicates that a new, easily used tool to identify lipid core plaques is now available.
Lipid core plaque identification will supplement the information about stenosis obtained over the past 40 years with the use of coronary angiography and will open many possibilities for improved risk stratification and treatment that can be tested in formal studies.
For risk stratification, NIRS will facilitate prospective studies testing the hypothesis that the presence of lipid core plaque identifies individual plaques and/or patients at higher risk of a subsequent coronary event. These trials will assist cardiologists in identifying the proper use of this novel technology.
For treatment, knowledge of the presence of lipid core plaques in an artery is likely to be useful in selecting among the 3 major treatments for coronary artery disease-medical therapy, stenting, and bypass surgery-and as a means of improving outcomes within each of the 3 categories.
With regard to medical therapy, identification of extensive lipid core plaque might indicate the need for more aggressive low-density lipoprotein lowering, high-density lipoprotein raising, and antithrombotic therapy.
For stenting therapy, lipid core plaque identification might assist the interventionalist in selecting the optimal length of artery to stent. At present the length to be stented is chosen on the basis of stenosis length as assessed by angiography or IVUS and does not take into account the length of associated lipid core plaque. NIRS may also be helpful for selecting a drug-eluting or bare-metal stent because the endothelium does not grow over drug-eluting stents as well as bare metal stents when located over a lipid core plaque (22) .
NIRS has the potential to contribute to resolution of the controversy concerning selection of stenting or medical therapy in patients with stable angina. As reported by Boden et al. (23) , a strategy of initial medical care or initial stenting produced similar long-term outcomes for treatment of lesions assessed only on the basis of stenosis. A subsequent trial could be conducted to determine if lipid core lesions respond differently than fibrotic lesions to medical or stenting therapy.
NIRS may also move interventional cardiology closer to toward its goal of prevention of second coronary events from nonstenotic lesions that are "beneath the angiographic radar screen" (24) and would not currently receive local treatment. These lesions are more likely to occur in patients with an acute coronary syndrome in which multiple plaque instability has been documented (25-27).
The combination of NIRS findings with other intravascular measurements should improve diagnostic information. For example, Fukumoto et al. (28) have shown that localized elevation of shear stress, which can be derived from IVUS and flow measurements, is associated with sites of plaque rupture. It is possible that the occurrence of increased shear stress over a LCP increases the risk of rupture and a clinical event. This would explain the well-documented triggering of infarction by heavy exertion, and the association between hemodynamic stress and plaque vulnerability (29, 30) .
NIRS may also be useful for development of novel antiatherosclerotic drugs as a means to measure changes in composition of a plaque with therapy and to identify very-high risk patients for studies with clinical outcomes.
C O N C L U S I O N S
A catheter-based NIRS system now available for use in patients has been validated in human coronary autopsy specimens and a clinical trial. This device permits identification of lipid core coronary plaques in patients, thereby supplementing the structural information provided by the coronary angiogram and IVUS. It is expected that this novel capability will lead to multiple studies designed to improve both risk stratification and treatment of patients with coronary artery disease.
